G raphene (G) exhibits several exotic properties that can be ascribed to its two-dimensional character and band topology. 1À6 In native, freestanding graphene ( Figure 1a) , the π and π* states disperse linearly in the proximity of the Fermi level (E F ) and define the so-called Dirac cones, which are centered at the K-points of the reciprocal space and degenerate at the Dirac energy (E D ), where the cone vertices meet. This band structure, and the related high electron mobility, makes graphene appealing for nanoelectronics. Since graphene is a semiconductor with zero band gap (Δ), the very first requisite for the exploitation of graphene for logic device applications consists in opening a band gap between the π and π* states. Several methods exist to achieve this goal. Cutting graphene into stripes (graphene nanoribbons) is an efficient way to break the degeneracy at E D . 7À9 Recently, 10 the bottom-up approach has led to the production of nanoribbons with uniform width and well-defined edges; however, the extension of this method to semiconductor substrates remains challenging. Alternatively, the tunable band gap in gated graphene bilayers ranging from 0 to 250 meV may enable novel nanoelectronic and nanophotonic devices. Angle-resolved photoemission spectroscopy (ARPES) experiments 12 show, however, that the band structure of these systems does not fulfill the requirement of high electron group velocity. Patterning, 13À15 adsorption 16À18 and intercalation of suitable elements, 19, 20 strain, 21, 22 or substrate-induced symmetry breaking 23À25 are other techniques inducing band gaps in graphene layers ranging from a few tens to a few hundreds of millielectronvolts. In this context, metal substrates to which graphene couples weakly, such as Pt(111) 26 and Ir(111), 27 offer interesting opportunities. Due to the large G/ substrate spacing (about 3.7 Å), the band topology of the Dirac cones is weakly perturbed in these systems, 24, 28 at variance with the case of strongly interacting metals (Ni(111), 29 Ru(0001) 30, 31 ) , where the spacing is reduced to about 2.1 Å. Graphene is thus relatively well decoupled from the Ir(111) substrate, and in fact, the high group velocity of its charge carriers is preserved. 24 The lattice mismatch between graphene and Ir results in a long-period moiré superstructure, which weakly modulates the crystal potential and affects the electronic bands of graphene. 24, 32, 33 This results in the opening of a small band gap of about 140 meV between the π and π* states at the K-point of the graphene Brillouin zone (see Figure 1b) . These states can be further modified by ordered adsorption of atomic hydrogen 18 or Ir clusters. 24 H and Ir atoms selectively adsorb on the hexagonal close-packed (hcp) regions
The "floating" graphene layer becomes then a periodically bound layer and a band gap ranging from 340 to 430 meV opens between π and π* states ( Figure 1c ).
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In this work, we show a new method to further increase the band gap between the Dirac cones in adsorbed graphene. We demonstrate that Na adsorption on bare (Na/G) and on a well-ordered superlattice of Ir clusters (Na/Ir/G) on epitaxial graphene on Ir(111) produces very large band gaps while preserving the shape of the Dirac cone and the high electron group velocity. For Na/G (Figure 1d ), we observe a band gap of Δ Na/G = 320 meV, whereas in the case of Na/Ir/G, it reaches Δ Na/Ir/G = 740 meV (see Figure 1e) , which is very close to the band gap of conventional semiconductors. Direct access to the πÀπ* band gap for photoemission is made possible by the strong charge migration from Na toward graphene, which partly fills the π* state. Scanning tunneling microscopy (STM) measurements show that Na does not intercalate at room temperature (RT); it forms an adsorbed layer commensurate to the graphene moiré structure. The effect of the Na layer is attributed to a strengthening of the graphene sublattice asymmetry induced by the moiré superstructure. The coadsorption with Ir clusters further enhances the difference between the two carbon sublattices, explaining the large band gap. Figure 2a ,b shows ARPES maps of the electronic band dispersion of Na/G and Na/Ir/G along the direction perpendicular to ΓK, which we label pΓK (see the red line in the inset of Figure 2a ). Due to strong electron doping, the π* state is shifted below E F as compared with bare graphene on Ir(111). The charge transfer from sodium atoms to graphene estimated from the relative size of graphene Fermi surface with respect to the surface Brillouin zone of graphite is 0.032 (0.028) electrons per C atom, equivalent to 0.26 (0.22) electrons per Na atom for Na/G (Na/Ir/G). From the constant dE/dk gradient of the band dispersion of the π* state, we evaluate the electron group velocities to v Na/G ≈ 5.5 eV Å and v Na/Ir/G ≈ 5.2 eV Å, respectively. These values are very close to the ones obtained by third nearest neighbor tight-binding calculations and in magneto-transport measurements of C freestanding graphene. 35 For both systems, the π* (π) state disperses linearly downward (upward) and reaches a minimum (maximum) at the graphene K-point. There, π and π* states open up a band gap of Δ Na/G = 320 meV for Na/G and of Δ Na/Ir/G = 740 meV for the Na/Ir/G surface. The energy distribution curves (EDCs) along the ΓK direction are shown in Figure 2c ,d and reveal broad line shapes, which cause an overlap of the intensity tails from the top of the valence band and the bottom of the conduction band. Nevertheless, the dispersion of the bands and the electronic gap between the π and π* states are well resolved.
RESULTS AND DISCUSSION
The graphene π* state exhibits a kink at about 180 meV below E F highlighted by arrows in Figure 2a ,b. Similarly to K-doped graphene/Ir, 36 this feature can be interpreted as a renormalization of the Dirac cone band introduced by electronÀphonon interactions; however, the overlap between Ir 5d and G π states near E F 33 does not allow an unequivocal assignment. Extended EDCs integrated over 6°around the K-point in Figure 3a allow quantifying the shift of graphene bands. In particular, from the displacement of the σ band, we measure a downward shift of 1.5 eV for Na/G (blue full curve) and 1.3 eV for Na/Ir/G (blue dashed curve) as compared to the undoped surfaces displayed in red. These values are in good agreement with experimental observations on K-doped graphene on Ir(111) 36 and KC 8 37 and
with the theoretical prediction for Li-doped graphene. 38 Figure 4a,b shows STM images of the bare and partly Na covered graphene, respectively, demonstrating that Na does not intercalate at RT but rather decorates the step edges and forms single-layer islands with lateral dimensions that vary from 10 to 100 nm for a coverage of θ ∼ 0.5 ML. 39 Note that the adsorption properties of Na on graphite significantly differ from the other alkali metals, and Na does not form intercalation compounds while the other alkalis do. 40 This singular behavior seems to be present also on metalsupported graphene. In contrast to Na, K has been reported to penetrate the graphene layer on Ni(111) already at RT and to act as a spacer. 41, 42 In these systems, the increased distance reduces the hybridization between Ni 3d and C 2p z states and forces the dispersion of the π band to turn from parabolic to linear. For our system, we observe that the Na island size increases with exposure time until the whole graphene surface is covered for θ = 1 ML. Alkali metals on graphite possess a "correlated liquid" phase in the lowcoverage regime. This phase originates from the charge transfer from the alkalis to the graphite leading to vertical dipoles which repel each other, preventing the formation of islands and maximizing the adatomÀadatom distance. 43, 44 As the alkali coverage reaches a critical density, a nucleation to a more closely packed configuration is observed, which results in the formation of alkali islands almost decoupled from the substrate. In our case, we observe island formation from lowest coverage on, reminiscent of an attractive interaction between Na adatoms. In analogy with K 36,45 and Li 38,46 on graphene, Na is expected to form a (2 Â 2) or ( √ 3 Â √ 3)R30°p hase. We were unable to reveal the Na superstructure, presumably due to the weakness of the NaÀC bond with respect to interaction with the STM tip often resulting in tip-induced displacements of Na atoms. However, for particular tunneling conditions, the Na layer appears transparent and the moiré pattern of the underlying graphene with attenuated corrugation appears in the STM images, revealing that Na adsorption does not change the graphene moiré structure. We further find that the edges of the Na islands are always aligned to those of the underlying graphene moiré superstructure, thus suggesting a Na superstructure commensurate with that of the graphene moiré. From the fact that the moiré unit cell contains close to (10 Â 10) graphene unit cells above a (9 Â 9) Ir(111) unit cell, 27 we conclude a (2 Â 2) Na superstructure.
Further support for the (2 Â 2) Na/G phase is provided by core level measurements. In Figure 3b , we report the C 1s peak for bare graphene (red full curve) centered at À284.15 eV below E F , in agreement with earlier results. 47, 48 Following Na adsorption (full blue curve), we observe a shift of the main peak by 1.05 eV toward higher binding energy and a shoulder at ∼À286 eV. The same splitting has been observed for (2 Â 2) K/graphite and ARTICLE D assigned to energy losses associated with the metallic overlayer. 49 We therefore suggest that this shoulder is due to energy losses associated with (2 Â 2) Na. The presence of Ir clusters on graphene induces small changes to the line shape of the C 1s resonance (dashed red curve in Figure 3b ). Na deposition on the cluster superlattice (dashed blue curve) also produces a downward shift of the C 1s peak, which is however reduced by ∼200 meV with respect to the shift observed in Na/G. We attribute this effect to the smaller saturation coverage of sodium at the Ir/G surface caused by site blocking. Similar line shapes of the photoemission spectra for the Na-covered surface, with and without the cluster superlattice, suggest that, for the sodium saturation coverage, the presence of Ir clusters only weakly affects the adsorption properties of Na.
In graphene supported on Ni(111) and in graphite, alkali metal intercalation is supposed to happen at surface defects such as step edges or walls between different rotational domains. 41, 50 In our case, the high quality of the graphene layer with and without the Ir clusters may prevent Na intercalation. Figure 5a ,b shows constant-energy ARPES maps for G and Ir/G, respectively. The G/Ir(111) moiré superpotential 32 induces six replicas of the π state, labeled "1À6", surrounding the main Dirac cone, "0", centered at the K-point. The Ir cluster superlattice introduces anisotropies in the spectral-weight distribution by suppressing the photoemission intensity of three of the six replicas, but it does not affect the quality of the graphene layer. 24 The absence of additional Dirac cones rotated away from the K-points also rules out rotational domains 33 in both surfaces.
We propose two possible origins of the observed band gaps. First, Na adatoms modify the crystal potential, thus Δ Na/G is expected to be different from that of undoped graphene. Previous photoemission experiments of Na on highly oriented pyrolytic graphite revealed the presence of an energy gap in the surface electronic structure. 51 This band gap has been attributed to an inhomogeneous charge transfer through the stack of the graphene layers, which perturbs the symmetry of the graphite lattice. Similarly, we may argue in the present case that, upon deposition of Na, the electronic charge is differently distributed between the graphene overlayer and the metallic substrate modifying the symmetry of the system. The second possibility is related to the commensurate phase of Na adatoms with respect to the graphene moiré. It has been found theoretically 38 that a (2 Â 2) superstructure of any adsorbate on an unperturbed graphene layer should not open a band gap, as the (2 Â 2) phase does not break the degeneracy of the two carbon sublattices, and in fact, no gap has been experimentally reported on any (2 Â 2) phase on graphene on SiC. 6, 45, 52 However, the graphene moiré on Ir(111) breaks this degeneracy for 2/3 of the graphene layer where either one of the two C atoms is adsorbed on top an Ir atom, whereas the other is located on a three-fold hollow site. 27 Accordingly, there is a small electronic gap at the K-point. 24, 32, 33 The asgrown (2 Â 2) Na superstructure can enhance this difference between the C sublattices and thus increase the band gap. The C sublattice degeneracy can also be lifted through Ir clusters due to the peculiar properties of the Ir adatoms to nucleate only on the hcp sites of the moiré and due to the local rehybridization of the C atoms. 27, 34 The combination of Ir clusters and Na atoms induces the strongest breaking of the C sublattice degeneracy and leads to the large band gap of Δ Na/Ir/G = 740 meV.
CONCLUSION
We have demonstrated that Na adsorption onto bare and Ir cluster superlattice-precovered epitaxial graphene on Ir(111) produces very large band gaps between the π and π* states amounting to Δ Na/G = 320 meV and Δ Na/Ir/G = 740 meV, respectively. The latter is comparable with that of Ge. In addition, we find that the linear band dispersion is only marginally perturbed, giving rise to electron group velocities close to the ones of freestanding graphene. Photoemission experiments show that there is a substantial charge transfer from Na to graphene which promotes a downward shift of electronic states by more than 1 eV. STM data show that Na is adsorbed on top of graphene, most likely in a (2 Â 2) phase, and does not intercalate at RT. Though a (2 Â 2) reconstruction is not expected to remove the degeneracy between graphene states at the K-point, a band gap may be induced by a hybridization between the electron wave functions with wave vectors K and K 0 promoted by the translation symmetry breaking of the combined Na-graphene-Ir(111) lattice. We attribute the wide Δ Na/Ir/G band gap to a mutual phenomenon of Na and Ir which breaks the degeneracy of the two sublattices of graphene. This combined effect may apply to systems other than graphene on Ir. The prerequisites for our method to work are a graphene moiré pattern acting as template for the growth of nanostructure superlattices and an ordered array of dopant that does not intercalate. Therefore, a transfer to SiC is, in principle, feasible since also this system exhibits a moiré pattern and alkalis do not intercalate at RT. 6, 45, 46 Our method has the advantage to open large band gaps in the electronic states while preserving the appealing transport properties of graphene.
METHODS
The ARPES experiments were performed at the VUV-Photoemission beamline at Elettra in Trieste and the STM experiments at EPFL under ultrahigh vacuum (UHV) condition with a base pressure better than 5 Â 10 À11 mbar. The Ir(111) crystal was cleaned by repeated cycles of Ar þ sputtering (E = 1.2 keV) and annealing at T = 1500 K. Order and cleanness of the sample were monitored by low-energy electron diffraction and photoemission ARTICLE spectroscopy in Trieste and by STM in Lausanne. Graphene was grown by ethylene (C 2 H 4 ) exposure at a pressure of 2.5 Â 10 À6 mbar for 53 s (corresponding to 100 L) with the sample temperature held at 1300 K. 24, 53 Ir was evaporated from a current heated thin film plate (0.5 mm width, 0.1 mm thickness). Evaporation rate (about 2.0 Â 10 À4 ML/s) and coverage were determined by core level measurements. The calibration was cross-checked with STM. Iridium clusters were grown by evaporating 0.15 ML Ir [for Ir, one monolayer, ML, is defined as one atom per Ir substrate atom] on the graphene surface held at a temperature of 350 K. Under these experimental conditions, all of the hcp regions of the graphene moiré are covered with Ir clusters. 27 Na was evaporated from a commercial getter source (SAES) at room temperature. Angle-resolved photoemission measurements were carried out for the alkali-metal-adsorbed systems at saturation coverage and immediately after deposition. Photoemission experiments were carried out at 120 eV photon energy with an energy resolution of 30 meV and at 120 K. This photon energy corresponds to the "Cooper minimum" in the photoemission cross section of the Ir 5d states and allows one to minimize the number of electrons photoemitted from the d states of the metal relative to those from the π states of graphene. ARPES data were collected using a Scienta R4000 electron energy analyzer, which allows spectra to be recorded simultaneously within an angular aperture of 30°. ARPES maps were acquired by spanning the azimuthal angle over an angular range of more than 70°by step of 0.5°. STM measurements were carried out with a home-built variable temperature scanning tunneling microscope at 120 K. 54 
